The data are available at <https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87578>.

Introduction {#sec001}
============

The ribosomopathies are clinically heterogeneous disorders characterized by progressive bone marrow failure and a predisposition to hematopoietic and non-hematopoietic malignancies \[[@pone.0182705.ref001], [@pone.0182705.ref002]\]. Most ribosomopathies such as Diamond-Blackfan anemia (DBA), Schwachman-Bodian-Diamond syndrome (SBDS) and dyskeratosis congenital \[[@pone.0182705.ref003]\] are inherited conditions that are also variably associated with extra-hematopoietic defects including skeletal malformations, exocrine pancreatic insufficiency and growth and cognitive impairment \[[@pone.0182705.ref001], [@pone.0182705.ref002]\]. An acquired ribosomopathy, the 5q- syndrome, is associated with myelofibrosis and evolution to acute myelogenous leukemia in \~10% of cases \[[@pone.0182705.ref003], [@pone.0182705.ref004]\]. Some pediatric T-cell leukemias and certain solid tumors, are also now thought to be acquired ribosomopathies \[[@pone.0182705.ref005]\]. Although originally considered as distinct clinical entities, the ribosomopathies are related by virtue of their association with hemizygous mutations in ribosomal protein genes leading to RP haplo-insufficiency or malfunction \[[@pone.0182705.ref001]\]. For example, DBA mutations involve haploinsufficiency or mutation in one of at least 11 of the \~80 RPs comprising the 40S or 60S ribosomal subunits, most notably RPS19, RPS24, RPS26, RPL5 and RPL11 \[[@pone.0182705.ref001], [@pone.0182705.ref006]\]. Similarly, SBDS involves mutations in the SBDS protein, which is believed to promote and/or stabilize the 40S and 60s ribosomal subunit interaction \[[@pone.0182705.ref001], [@pone.0182705.ref002]\]. The minimal chromosomal region deleted in the 5q- abnormality, involving the band 5q33.1, includes the *RPS14* gene \[[@pone.0182705.ref004], [@pone.0182705.ref007]\]. Ribosomopathy-associated bone marrow failure has been attributed to ribosome assembly defects arising as a consequence of altered RP stoichiometry and leading to defective rRNA processing, ribosomal stress and p53-dependent growth arrest and/or apoptosis \[[@pone.0182705.ref001], [@pone.0182705.ref003], [@pone.0182705.ref004], [@pone.0182705.ref008], [@pone.0182705.ref009]\]. Precisely how this predisposes to cancer remains speculative although it presumably involves circumventing or disabling this potent tumor suppressor pathway \[[@pone.0182705.ref010]\]. Moreover, with the exception of the scattered reports mentioned above, the role of RP transcript and/or protein dysregulation in other human and murine cancers has not been studied.

In the current work, we utilized two mouse models of liver cancer in which the over-expression of mutant forms of β-catenin and [y]{.ul}es-[a]{.ul}ssociated [p]{.ul}rotein \[[@pone.0182705.ref011]\] or the oncoprotein c-Myc (Myc), recapitulate pediatric hepatoblastoma (HB) \[[@pone.0182705.ref012]\] or hepatocellular carcinoma (HCC), respectively \[[@pone.0182705.ref013], [@pone.0182705.ref014]\]. As expected for such rapidly growing tumors, and as previously described for transient Myc over-expression in the liver, virtually all transcripts encoding ribosomal proteins (RPs) were up-regulated in these tumors \[[@pone.0182705.ref015], [@pone.0182705.ref016]\]. However, in comparison to normal hepatocytes or livers, the [relative]{.ul} levels of expression for many RP transcripts were deregulated. This was accompanied by distinct alterations in the RP expression patterns of each tumor type, by the accumulation of rRNA precursors and by several defects in the p19^*ARF*^/Mdm2/p53 pathway, most notably a marked reduction in p19^*ARF*^ expression. The reinstatement of p19^*ARF*^ expression completely abrogated *de novo* HB tumorigenesis thereby mechanistically linking this tumor suppressor pathway with those regulated by β-catenin and YAP. In four human cancer cohorts from The Cancer Genome Atlas (TCGA), comprising 2260 individuals, RP transcript deregulation was observed in virtually all tumors when compared to their corresponding normal tissues. Moreover, 5.2%--14.3% of these cancer cases contained mutations in one or more RPs. Breast cancers and HCCs with the greatest degree of RP transcript deregulation and HCCs with RP mutations also demonstrated an overall inferior long-term survival. Thus, even more so than in "classical" ribosomopathies, experimental murine and naturally occurring human cancers demonstrate profound dysregulation of multiple RP transcripts that undoubtedly evoke ribosomal stress and may impact disease pathogenesis and survival.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

Animal studies were conducted in accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animal Research (ILAR) Guide for Care and Use of Laboratory Animals. Studies were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Pittsburgh (Protocol no. 14104886) and were in accord with their published guidelines (<http://www.iacuc.pitt.edu/policies>). All mice were maintained in microisolator cages at no more the five animals/cage as previously described \[[@pone.0182705.ref017]\]. They were fed *ad libitum* with standard rodent chow and maintained on 12 hr day-night cycles with appropriate environmental enrichment.

C57BL6 *myc*^*fl/fl*^ (WT) mice and hepatocyte-specific *myc-/-* (KO) mice were genotyped as previously described \[[@pone.0182705.ref017]\]. HBs were induced in 6--8 wk old WT and KO mice by hydrodynamic tail vein injection (HDTVI) of 10 μg each of Sleeping Beauty (SB) vectors encoding the ΔN90 mutant of β-catenin, the S27A mutant of [y]{.ul}es-[a]{.ul}ssociated [p]{.ul}rotein \[[@pone.0182705.ref011]\] and 2 μg of a vector encoding Sleeping Beauty transposase \[[@pone.0182705.ref014], [@pone.0182705.ref018]\]. A SB vector encoding murine p19^*ARF*^ (*Cdk2na*) was generated using approaches similar to those previously described for generating β-catenin and YAP vectors \[[@pone.0182705.ref014], [@pone.0182705.ref018]\]. Following HDTVI, animals were monitored thrice weekly for tumor growth. Criteria for euthanasia were in accord with those published both by The University of Pittsburgh IACUC Tumor Burden Guidelines (Neoplasia Proposals in Rodents) and The National Cancer Institute (<https://ncifrederick.cancergov/lasp/acuc/frederick/Media/Documents/ACUC14.pdf>). Mice were sacrificed using CO~2~ inhalation followed by cervical dislocation when tumors reached ≤2 cm in diameter, which was well before the size that typically required mandatory euthanasia \[[@pone.0182705.ref016]\]. None of the tumor-bearing mice showed evidence of distress prior to the end of the study.

HCCs were induced in Tet-O-MYC transgenic mice crossed with LAP-tTA mice as previously described \[[@pone.0182705.ref013], [@pone.0182705.ref019]\]. Mouse strains were obtained from Jackson Labs (Bar Harbor, ME). Myc expression was maintained in an off state by adding doxycycline (100 μg/ml) to the drinking water whereas its removal led to the expression of Myc. The criteria for sacrifice were identical to those described above for HBs. Control livers were obtained from age-matched sibling mice lacking the doxycycline-regulatable *myc* gene and also lacking doxycycline in their drinking water.

RNA-seq analysis {#sec004}
----------------

RNA-seq acquisition using an Illumina NextSeq 500 sequencer (San Diego, CA) and data analyses have been previously described \[[@pone.0182705.ref016], [@pone.0182705.ref017]\]. 85 ribosomal proteins for this analysis were identified as described in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}. For HBs, the total number of reads for these 85 RP transcripts within each group of samples (four sets of WT hepatocytes, five sets of KO hepatocytes and five sets each of WT and KO tumors) was arbitrarily set at 100%. The average percent contribution of each RP transcript to the total RP transcript pool in each of the groups was then calculated and displayed as a heat map. Replicates within the WT hepatocyte and WT tumor groups were compared using two-sided t-tests assuming unequal variance to determine which RP transcripts were significantly dysregulated in tumors compared to normal hepatocytes. P-values were adjusted assuming a false discovery rate (FDR) of 5% and transcripts with resulting q-values less than the FDR were designated on the heat map with an asterisk (\*). The same procedure was performed for Myc-KO hepatocyte and HB groups, with significant differences designated by a caret (\^). Bar graphs summarizing relative percent expression of each RP transcript were generated. Transcripts with significantly different relative expression between WT hepatocytes and HBs were compared to those which differed between Myc-KO hepatocytes and HBs. Those differing in both comparisons were noted to have either the same or opposite directionality, with a summary of these differences compiled into a Venn diagram.

A similar analysis was performed for 82 RP genes in the seven HCC groups (five samples per group), with RPs selected as described in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}. These groups included normal livers, livers after 3 days and 7 days of Myc induction (3D and 7D), initial tumors, 3 days and 7 days of tumor regression (3R and 7R), and recurrent tumors \[[@pone.0182705.ref012]\] that were re-induced following a 2--3 month period of regression of initial tumors. As with HBs, the percent relative expression of each transcript within its own group was calculated, and a heat map was generated, with the relative abundance of RP transcripts in each group listed in the same order as those in control liver. Significant differences in RP transcript expression among the groups were determined as described in the HB analysis. Transcripts with significant differences between tumor and liver (q-value \< 0.05) were marked with an asterisk (\*), and significant differences between RT and liver were marked with a caret (\^). As with the HBs, bar graphs were generated for each of the groups, with error bars indicating one standard deviation and asterisks designating significance.

Human tumor data {#sec005}
----------------

RNA-seq expression results for 77 RP transcripts and clinical data were obtained from The Cancer Genome Atlas (TCGA) for the four cancers of interest: HCC, colorectal adenocarcinoma (CRC), breast adenocarcinoma (BC), and prostate adenocarcinoma (PC), described in further detail in the [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}. For HCC, there were a total of 50 matched tumors and normal tissues samples with 323 unmatched additional tumors. For CRC there were 41 matched samples and 247 additional unmatched tumors. For BC, there were 113 matched samples and 989 additional unmatched tumors. For PC, there were 52 matched samples and 445 additional unmatched tumors.

TCGA: Matched sample analysis {#sec006}
-----------------------------

For each cancer, RP transcript levels of both normal tissue and tumor were obtained from the RNA-seq data of matched patients. RP transcript expression data was converted into relative percent expression as above, analyzing tumors and normal tissues separately. Variation from the mean for the expression of each RP transcript was explored for individual cancers by first examining the natural variability in relative RP transcript expression in the matched normal samples. For each RP transcript in each matched normal sample, variation from the mean was calculated and expressed in a 3D area map, with different samples listed across the x-axis, RP transcripts listed across the y-axis, and variation in relative expression from the mean relative expression in normal tissues on the y-axis. For most RP transcripts, these differences were ±5--20% across most patients, although the transcripts with the lowest expression (e.g. *Rps27*, *Rpl36A*, *Rpl21*) tended to have greater variability between patients, averaging ±100--300% difference compared to the average.

Variation in relative RP transcript expression for tumors in each cancer cohort was examined in the same manner, by calculating percent difference in relative expression for each RP among the tumors compared to average relative RP expression among the normal tissue samples. Unlike the normal tissues, RP transcript expression varied considerably among patients, with differences averaging ±20--100% for most transcripts. As noted above for normal tissues, transcripts with the lowest relative expression again demonstrated the greatest variance.

To determine if the variation in RP transcript relative expression was significantly greater in tumors than in matched normal tissue, an F-test was performed for each RP transcript comparing tumor samples to normal matched tissues, with the resulting P-values adjusted for an FDR of 5%. 69 of the 77 RP transcripts (90%) reached significance for HCC, 48 of 77 (62%) were significant in CRC, 71 of 77 (92%) were significant for BC and 23 of 77 (30%) significant in PC. Transcripts with the lowest expression in both tumors and normal tissue were also those with the greatest variation, and the F-tests comparing variation in these transcripts between tumors and normal tissue did not reach significance. In order to scale the graphs to better evaluate differences in the other transcripts which did reach significance for their F-tests, these transcripts--*Rps26*, *Rpl9*, *Rps27*, *Rps28*, and *Rpl21*-- were excluded from indicated 3D area plots.

TCGA: Unmatched sample analysis {#sec007}
-------------------------------

RP transcript expression levels in unmatched tumor samples were compared to the previously analyzed matched normal tissue samples. P-values for each RP transcript were calculated to reflect the probability of observing a relative expression level that extreme (or more extreme) when compared to the distribution of relative expressions seen in normal tissue. Since relative expression levels for RP transcripts among normal tissue samples were normally distributed, these P-values were calculated as $2X1\text{-}\Phi\left( \middle| \frac{x_{t}\text{-}\mu_{n}}{\sigma_{n}} \middle| \right)$, with x~t~ indicating the relative expression of a specific RP transcript in the sample being examined, and μ~n~ and σ~n~ representing the mean and standard deviation of the relative expression for that RP transcript across normal tissues, respectively. The average number of RP transcripts identified as being significantly deregulated by this method (P \< 0.05) in a given cohort (an average of 28.3 per tumor in HCCs, 26.2 in CRCs, 23.6 in BCs and 14.6 in PCs) was compared against a binomial distribution of *B (*77, 0.05) to control for false discovery. The P-values for observing as many significantly deregulated transcripts as we did in each cohort were calculated using this binomial distribution: P = 2.6x10^-17^ for HCCs, P = 2.8x10^-15^ for CRCs, P = 2.1x10^-12^ in BC, and P = 2.6x10^-5^ in PCs.

Total RP transcript "deregulation" in each tumor sample was then calculated as the sum of the absolute value of the differences in relative expression of each RP transcript and the mean RP transcript relative expression across the normal tissue samples. Survival curves comparing patients with tumors in the upper quartile of RP dysregulation to patients with tumors in the lower quartile were generated as described in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}. Significance was determined by a log-rank test P \< 0.05. Survival differences were significant between upper and lower quartile groups in HCC (P = 0.0435) and BC (P = 0.0046).

TCGA: Mutation analysis {#sec008}
-----------------------

After accounting for SNPs, mutations for each of the TCGA cohorts were investigated using cBioPortal (<http://www.cbioportal.org/>) as described in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}. Tumor samples in each cohort were then separated into two groups: those with any mutation in any RP and those with no identifiable mutations. Survival curves for the cohorts were generated as described above, with Log-rank test p-value cutoffs set at 0.05. Survival differences were significant only in HCC (P = 0.0006).

Quantification of rRNA processing {#sec009}
---------------------------------

To assess rRNA processing intermediates, we quantified 18S-ITS1, ITS1-5.8S, 5.8S-ITS2 and ITS2-18S junctions using a Power SYBR® Green RNA-to-CT™ 1-Step Kit (Thermo-Fisher) on a StepOnePlus™ Real-Time PCR System (Thermo-Fisher) as described in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"} with P-values determined using Welch's t-test.

Immuno-blotting {#sec010}
---------------

Total tissue lysates were prepared in SDS-PAGE lysis buffer (150 mM NaCl; 100 mM Tris-HCl, pH 8.0; 12.5 mM EDTA; 2% SDS; 1% Triton-X100; 0.5% Nonidet-P40; 10% glycerol) containing Complete protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor cocktail II (Boston BioProducts, Inc., Ashland, MA) that were added to the lysis buffer in the amounts recommended by the suppliers. Samples were further disrupted with a Model 505 sonic dismembrator (setting 3 for 15 sec) (Thermo Fisher). Protein concentrations were then determined with a Pierce BCA Protein Assay Kit (Thermo Fisher). Depending on the proteins under study, 10--50 μg of lysate were used for SDS-PAGE and western blotting to PVDF membranes (Thermo Fisher, Inc.) as previously described \[[@pone.0182705.ref017]\]. All membranes were blocked for at least two hr. at 4°C in PBS containing 0.1% Tween (PBS-T) and 5% non-fat dry milk. Antibodies, vendors and conditions used for immuno-blotting are shown in Table A in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}. Most antibodies were incubated with membranes overnight. Following exhaustive washing in PBS-T, blots were then developed using a Pierce ECL Plus reagent (Thermo Fisher, Inc.) according to the directions provided by the supplier.

Tissue fractionation and immuno-precipitation {#sec011}
---------------------------------------------

Cytoplasmic and nuclear fractions of liver and tumor tissues were isolated with a NE-PER kit as recommended by the supplier (Thermo Scientific, Rockford, IL, USA). See [S1 File](#pone.0182705.s001){ref-type="supplementary-material"} for the details of fractionation and immuno-precipitation protocol.

Mass spectrometry {#sec012}
-----------------

Regions of interest from silver-stained gels were excised and digested with trypsin as previously described \[[@pone.0182705.ref020]\]. Excised gel pieces were processed as described in detail in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}.

Results {#sec013}
=======

Deregulation of RP transcripts and ribosomal RNAs in liver cancer models {#sec014}
------------------------------------------------------------------------

In a murine model of HB \[[@pone.0182705.ref012]\] induced by the over-expression of SB vectors encoding mutant forms of β-catenin and yes-associated protein \[[@pone.0182705.ref011], [@pone.0182705.ref014]\], we recently showed that RP transcripts were, on average up-regulated more than five-fold relative to control, wild-type (WT) hepatocytes \[[@pone.0182705.ref016]\]. When these results were re-displayed to depict each RP transcript's percent contribution to the entire RP transcript pool relative to that of untransformed hepatocytes, 35 transcripts from HBs showed significant variation in their abundance ([Fig 1A](#pone.0182705.g001){ref-type="fig"} and Figure A in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}, q-value \<0.05). Prominent examples included *Rpl8* and *Rpl18a*, which were under-expressed in HBs relative to that seen in WT hepatocytes and *Rpl38* and *Rpl39*, which were relatively over-expressed. However, it should again be emphasized that, in absolute terms, [all]{.ul} RP transcripts in HBs were up-regulated \[[@pone.0182705.ref016]\]. HBs arising in livers bearing a hepatocyte-specific deletion of the *myc* gene (KO HBs) and growing more slowly than WT HBs \[[@pone.0182705.ref016]\] demonstrated a lower degree of absolute RP transcript induction compared to WT HBs (3.6-fold) \[[@pone.0182705.ref016]\] but nonetheless also showed a similar and highly overlapping RP transcript discordancy ([Fig 1A and 1B](#pone.0182705.g001){ref-type="fig"} and Figure B in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). Thus, despite RP transcripts as a group being more highly up-regulated in WT HBs than in KO HBs and the significantly faster growth rates of WT tumors \[[@pone.0182705.ref016]\], RP transcript discordancy within the two groups was quite similar ([Fig 1B](#pone.0182705.g001){ref-type="fig"}) indicating that they appeared to be more related to the transformed state *per se* rather than to the expression of Myc or tumor growth rate.

![Relative RP transcript and protein levels differ in murine models of HB and HCC.\
(A) RP transcript abundance in hepatocytes (H) versus HB tumors (T). Heat maps are based on averaged RNA-seq data from 4--5 samples in each group with the most abundant transcripts being shown in orange and the least abundant transcripts being shown in blue, with the sum of all transcripts in each group equaling 100%. All transcript levels are expressed as a percent of total, displayed relative to those in WT hepatocytes and do not take into account the fact, as previously shown, that average RP transcript expression was increased 5.2-fold in HBs relative to hepatocytes \[[@pone.0182705.ref016]\] \*: deregulated transcripts in WT tumors vs. WT hepatocytes, \^: deregulated transcripts in KO tumors vs. KO hepatocytes. (B) RP transcript deregulation among WT and KO hepatocytes and HBs. (C) Similar heat maps from livers or HCCs \[[@pone.0182705.ref013]\]. L: control livers. 3D and 7D: livers obtained 3 and 7 days after removing doxycycline to induce Myc expression. T: initial tumors. 3R and 7R: regressing tumors following doxycycline resumption for 3 or 7 days, respectively. Additional tumor-bearing mice were maintained on doxycycline for 2.5--3 months to allow for complete regression. Doxycycline removal in these mice led to development of recurrent tumors \[[@pone.0182705.ref012]\]. \*: significant differences in relative expression compared to normal liver; \^: significant differences between recurrent tumor and liver (q-value \< 0.05). Relative transcript abundance was expressed as described for panel A and compared with the relative abundance in control livers. (D) RP transcript discordances between HBs and HCCs. "Opposing" directionality occurred when an HB transcript's direction of change relative to hepatocytes differed between WT and KO HBs. (E) Immunoblots of RPs in WT and KO livers (L) and HB tumors (T). (F) Immunoblots of RPs from livers, collected as described in (C).](pone.0182705.g001){#pone.0182705.g001}

HCCs induced by the hepatocyte-specific, doxycycline-regulated over-expression of Myc also significantly up-regulate virtually all RP transcripts with a median up-regulation of 3.4-fold \[[@pone.0182705.ref019]\]. As with HBs ([Fig 1A](#pone.0182705.g001){ref-type="fig"}), when the percent contribution of each transcript to the entire RP transcript pool was arranged from highest to lowest and compared to expression pattern in normal control livers, discordancy of 58 RP transcripts was seen in HCCs ([Fig 1C](#pone.0182705.g001){ref-type="fig"} and Figure B in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}) \[[@pone.0182705.ref013]\] with 25 of these also being deregulated in HBs ([Fig 1D](#pone.0182705.g001){ref-type="fig"}). Importantly, only minimal deregulation of RP transcripts occurred in livers following brief (3 day or 7 day) induction of Myc, which was well before HCC tumors developed. HCC RP transcripts began to normalize within 3 days of Myc silencing, but 56 transcripts were again deregulated in recurrent tumors following 2--3 months of initial tumor regression ([Fig 1B](#pone.0182705.g001){ref-type="fig"} and Figure B in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). Thus, maximal RP transcript deregulation appears to require both the continuous over-expression of growth-promoting stimuli such as β-catenin + YAP in HBs or Myc in HCCs and, at least in the latter case, a tumor environment.

We also examined by immuno-blotting the expression of several RPs, the choice of which was dictated by a combination of previously described associations with ribosomopathies and/or the notable dysregulation of their transcripts ([Fig 1A and 1C](#pone.0182705.g001){ref-type="fig"}) \[[@pone.0182705.ref001], [@pone.0182705.ref002], [@pone.0182705.ref004], [@pone.0182705.ref007], [@pone.0182705.ref010]\]. At least two of these RPs, RPS24 and RPS26, were expressed at lower levels in most HBs than in livers, particularly in the case of KO tumors ([Fig 1E](#pone.0182705.g001){ref-type="fig"}). KO livers also expressed higher levels of RPS24 than WT livers. Several additional RPs, notably RPS19 and RPS27, were sporadically over- or under-expressed in WT and/or KO tumors. Thus, in addition to RP transcripts, multiple RPs also appear to be deregulated. In comparison to HCCs where Myc is the inciting oncogenic insult, Myc's dispensability for RP transcript discordancy in HBs may at least partly reflect the Myc-independent pathways of β-catenin and YAP signaling that also govern RP transcript expression \[[@pone.0182705.ref016]\].

HCCs also showed a loss of coordinated RP expression albeit with a pattern distinct from that seen with HBs. Most RPs, such as RPS24, RPS27 and RPL30, were up-regulated in initial tumors whereas RPS19, RPS26 and RPL11 either remained unchanged or even decreased in HCCs ([Fig 1F](#pone.0182705.g001){ref-type="fig"} and Figure C in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). Moreover, discordancy between *Rps24* and *Rps27* transcripts were seen in some initial and recurrent tumors. Finally, the kinetics of appearance and disappearance of individual proteins varied considerably. Changes in the levels of several RPs such as RPS10, RPS19 and RPL30 were detectable as early as 3 days after Myc induction and well before deregulation of their transcripts could be detected. Thus, similar to RP transcripts, individual RP protein levels in HCCs do not change uniformly or coordinately during the course of tumor evolution, regression and recurrence with respect to one another. However, the overall pattern of these changes does appear to be consistent among individual tumors and indicates a marked change in RP stoichiometries relative to those found in normal liver.

Efficient ribosomal biogenesis requires the highly coordinated processing and assembly of rRNAs as well as RPs \[[@pone.0182705.ref021], [@pone.0182705.ref022]\]. 18S, 5.8S and 28S rRNA are transcribed from a single primary transcript 47S, that is cleaved and processed to progressively smaller precursors \[[@pone.0182705.ref001], [@pone.0182705.ref024]\]. Ribosomopathies are often accompanied by defective or incomplete endo- and exo-nucleolytic cleavage of 18S, 5.8S and 28S rRNAs, encoded by the 47S precursor transcribed by RNA polymerase I \[[@pone.0182705.ref001], [@pone.0182705.ref006], [@pone.0182705.ref023]\]. A qRT-PCR-based assay to quantify these rRNA precursors ([Fig 2A](#pone.0182705.g002){ref-type="fig"}) showed evidence for their excessive accumulation, particularly in the case of those comprising the 18S-ITS1 junction ([Fig 2B](#pone.0182705.g002){ref-type="fig"}). An even more pronounced processing defect was seen in all tested HCCs ([Fig 2C](#pone.0182705.g002){ref-type="fig"}). Thus, both HBs and HCCs showed evidence for inefficient rRNA precursor processing.

![Incomplete processing of rRNAs in HBs and HCCs.\
(A) Normal rRNA processing. Arrows depict regions amplified by qRT-PCR to quantify 18S-ITS1, ITS1-5.8S, 5.8S-ITS2 and ITS2-28S junctional fragments common to all rRNA precursors. (B) Quantification of each of the above four junctions in control livers and HBs. Identically colored dots represent the same tumor RNA sample within the subgroup of tumors that demonstrated abnormal processing of at least one junction. Control livers and tumors with no significant processing differences are depicted in black. (C) Similar quantification of RNA processing in HCCs. Data in (B) and (C) were normalized to levels of total 18S and 28S RNA. Each qRT-PCR reaction was performed in triplicate and the mean is depicted.](pone.0182705.g002){#pone.0182705.g002}

RP transcript deregulation and mutation in human cancers {#sec015}
--------------------------------------------------------

To explore the broader implications of our findings, we queried 2260 human cancers representing four major tumor types: HCC, colorectal cancer (CRC), breast cancer (BC) and prostate cancer (PC). Our rationale for choosing these particular cancers was that, like the above mouse tumor models, the first two are commonly associated with defects in Wnt-β-catenin and/or YAP signaling. All four types may also over-express Myc, which drives both RP transcript and rRNA biogenesis \[[@pone.0182705.ref015], [@pone.0182705.ref016], [@pone.0182705.ref025]\]. Deregulation of individual RPs or RP transcripts has been described sporadically in some human cancers and cancer cell lines, thereby suggesting more global underlying defects \[[@pone.0182705.ref026]\]. However, a systematic study has not to our knowledge been performed. As seen in [Fig 3A--3D](#pone.0182705.g003){ref-type="fig"} and Figures D-G in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}, RP transcript deregulation was common in each human cancer cohort. Deregulated transcripts were defined as any whose relative expression level fell significantly outside the mean distribution seen in normal tissues (P\<0.05). By this definition, the average number of deregulated RP transcripts per tumor was 28.3 in HCCs, 26.2 in CRCs, 23.6 in BCs and 14.6 in PCs (P = 2.6x10^-17^, 2.8x10^-15^, 2.1x10^-12^ and 2.6x10^-5^, respectively). 25 RP transcripts were significantly deregulated in the same direction in three tumor types and 12 were deregulated in the same direction in all four types (Table B in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). Moreover, for HCCs and BCs, the severity of deregulation correlated inversely with survival ([Fig 3E and 3F](#pone.0182705.g003){ref-type="fig"}).

![RP transcript deregulation in human cancers.\
3D area maps of transcript levels for 77 RPs expressed in HCCs (A), CRCs (B), BCs (C) and PCs (D). To better evaluate differences in the other transcripts which did reach significance for their F-tests, these transcripts--*Rps26*, *Rpl9*, *Rps27*, *Rps28*, and *Rpl21*-- were excluded from 3D area plots. For each cancer, tumors with matched samples of normal tissue in TCGA were selected for direct comparison (50 for HCC, 41 for CRC, 113 for BC and 52 for PC). Relative expression for each RP transcript was calculated as in [Fig 1](#pone.0182705.g001){ref-type="fig"}. See Figures D-G in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"} for 3D area plots of the above matched tumor data together with additional data from unmatched tumor samples. (E, F) Patient survival in HCC and BC inversely correlates with the severity of RP transcript deregulation. Patients were sorted according to their RP transcript deregulation, and survival curves were plotted for the top and bottom 25% of patients with the greatest and least degree of RP transcript deregulation.](pone.0182705.g003){#pone.0182705.g003}

We considered the possibility that RP transcript dysregulation in the above human cancers might be due to RP gene amplification or deletion. However, a query for copy number alterations (CNAs) in these cancer cohorts using cBioPortal ([www.cbioportal.org](http://www.cbioportal.org/)) revealed that only 30.7--53.7% of tumors possessed a CNA in any RP gene. Moreover, those tumors which did harbor CNAs, contained an average of only 1.2--1.9 such variations per tumor. Thus, CNV does not explain the vast majority of RP transcript dysregulation reported here.

205 somatic RP mutations were detected in the above tumor types, as reported by cBioPortal ([Fig 4A--4D](#pone.0182705.g004){ref-type="fig"}). These involved 70 distinct RPs, at least 14 of which have been previously implicated in one or more ribosomopathy \[[@pone.0182705.ref001], [@pone.0182705.ref002], [@pone.0182705.ref010], [@pone.0182705.ref026], [@pone.0182705.ref027]\]. 116 of the mutations were recurrent or involved the same RP in at least two tumors. The most notable of these included *Rpl5* (7 mutations), *Rpl11* (8 mutations) and *Rpl22* (7 mutations). Nine mutations, identical to those described previously in ribosomopathies, were also identified. In total, 51 of 373 (14%) individuals with HCC harbored RP mutations and their survival was significantly inferior to that of individuals without mutations ([Fig 4E](#pone.0182705.g004){ref-type="fig"}).

![RP transcript mutations identified in human cancers.\
The results of RP mutational analysis were obtained from the sequence data shown in [Fig 3](#pone.0182705.g003){ref-type="fig"}. The total number of mutations involving any given RP are plotted along the ordinate. All mutations identified are listed individually in Tables F-G in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}. (A). HCCs. (B). Colo-rectal cancers (CRCs). (C). Breast cancers (BC). (D). Prostate cancers (PC). Identical mutations previously implicated in a ribosomopathy include: K89Nf2\*3 and K15Rfs\*5 in *Rpl22* in CRC; N57Efs\*12 and A97G in *Rpl5*, and K15Rfs\*5 in *Rpl22* in BC; and V33I in *Rpl35A* in PC. Previously described RP mutations were identified in refs. 1,2,5,6,9,43--45 and <http://www.dbagenes.unito.it/home.php>. (E). Survival of HCC patients with and without RP transcript coding mutations.](pone.0182705.g004){#pone.0182705.g004}

We next asked whether tumors with RP point mutations might be associated with a higher frequency of mutations in known oncogenic drivers. To address this on a global scale, tumor mutation data for the above four TCGA human cancer cohorts were obtained using XenaBrowser ([https://xenabrowser.net](https://xenabrowser.net/)) and selecting "somatic non-silent mutation (gene-level) -\> broad automated". Tumors were grouped into those with and without RP coding region mutations. For each of the \>40,000 genes listed in the tumor mutation databases, Chi-squared tests were performed to determine if the frequencies of non-RP gene mutations differed between the two tumor groups. Many thousands of genes were mutated at a significantly greater frequency in the RP mutant tumor groups in each of the four cohorts investigated, indicating that tumors with RP mutations were more likely to accumulate other mutations as well.

We then performed additional Chi-squared tests to determine whether any particular mutations occurred in RP mutant tumors at frequencies higher than expected if they were distributed randomly. In breast, liver, and prostate cancer, none of these subsequent Chi-squared tests were significant after Bonferroni false-discovery (FDR) correction. Thus, while RP mutant tumors were more likely to possess mutations in other genes as noted above, no specific gene(s) appeared to be favored.

In contrast, 42 genes were mutated in RP mutant CRCs at a higher frequency than expected (35--70% of RP mutant tumors versus 1%-32% in non-RP mutant tumors) (P \< 0.05 after FDR-correction). However, none of the 42 genes were canonical oncogenes, tumor suppressors or otherwise known CRC drivers (Table H in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). Taken together, these results indicate that, tumors with and without RP point mutations cannot be distinguished based on the identity or frequency of otherwise well-accepted driver mutations.

Inactivation of the p19^ARF^/Mdm2/p53 pathway in liver cancer {#sec016}
-------------------------------------------------------------

Ribosomal stress, a hallmark of ribosomopathies \[[@pone.0182705.ref001], [@pone.0182705.ref010], [@pone.0182705.ref027]\], can activate the p19^*ARF*^/Mdm2/p53 tumor suppressor pathway and block proliferation at several points (Figure H in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). For example, p19^*ARF*^ interferes with ribosome assembly by preventing the nucleolar export of 40S and 60S ribosomal subunits \[[@pone.0182705.ref028], [@pone.0182705.ref029]\]. p19^*ARF*^ also interacts with Mdm2 thereby inhibiting its E3 ubiquitin ligase activity and indirectly stabilizing p53 \[[@pone.0182705.ref003], [@pone.0182705.ref030], [@pone.0182705.ref031]\]. A subset of free RPs that cannot assemble into mature ribosomes in the face of RP haploinsufficiency also interact with Mdm2 and inhibit its interaction with p53 \[[@pone.0182705.ref001], [@pone.0182705.ref002], [@pone.0182705.ref032], [@pone.0182705.ref033]\]. Most, but not all, of these RPs interact with Mdm2 via the latter protein's central acid domain \[[@pone.0182705.ref030]\]. Finally, RPS26, among the most reliably down-regulated RPs in HBs and HCCs ([Fig 1C and 1D](#pone.0182705.g001){ref-type="fig"}), de-stabilizes p53 and augments its transcriptional activation \[[@pone.0182705.ref034]\].

Defects affecting the expression and/or subcellular localization of p19^*ARF*^/Mdm2/p53 pathway members could account for how murine HBs and HCCs escape the growth inhibition mediated by RP deregulation \[[@pone.0182705.ref001], [@pone.0182705.ref002], [@pone.0182705.ref004], [@pone.0182705.ref010]\]. Indeed, p19^*ARF*^ protein was markedly down-regulated in most WT and KO HBs whereas Mdm2 and p53 were up-regulated ([Fig 5A](#pone.0182705.g005){ref-type="fig"}). In HCCs, p19^*ARF*^ was also reduced in both initial and recurrent tumors and in some cases normalized during early regression. Mdm2, while detectable at all times, was elevated in regressing tumors whereas p53 was generally expressed at low levels in both tumors and livers ([Fig 5B](#pone.0182705.g005){ref-type="fig"} and Figure I in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). Immuno-staining of frozen liver and HB sections and quantification using Image J software (<https://imagej.nih.gov/ij/>) showed \>80% Mdm2 and p53 to be cytoplasmically localized in both ([Fig 5C](#pone.0182705.g005){ref-type="fig"}). These results were confirmed by subcellular fractionation studies showing that Mdm2 and p53 in HBs co-localized to the cytoplasm as did the small amounts of p19^*ARF*^ that remained detectable ([Fig 5D](#pone.0182705.g005){ref-type="fig"}). *Trp53* mutations, which can also affect p53 protein stability \[[@pone.0182705.ref035], [@pone.0182705.ref036]\], were not identified upon sequencing of transcripts from 14 WT and KO HBs and 10 primary and recurrent HCCs.

![Reprograming of survival and apoptosis pathways in HBs and HCCs.\
(A) Expression of p19^ARF^, MDM2 and p53 in total liver (L) and HB (T) lysates from WT and KO mice. (B) Similar immuno-blots from HCCs. (C) Immuno-staining of frozen sections of liver (L) and WT HBs (T) for p53 and MDM2. Using ImageJ software (<https://imagej.nih.gov/ij/>), we determined that \>80% of Mdm2 and p53 localized to the cytoplasm in both livers and tumors. (D) p53 and MDM2 co-localize to HB cytoplasm. A freshly collected WT HB tumor was fractionated into cytoplasmic, nuclear and nucleolar compartments. Each fraction was tested for the protein markers localizing to these compartments (GAPDH, histone H3 and fibrillarin, respectively) and in parallel for p53, p19^ARF^ and MDM2. Varying amounts of lysate and exposure times were required to compensate for differential protein expression. (E) Liver and HB cytoplasmic fractions were immuno-precipitated with control IgG or anti-MDM2 IgG. Precipitates were resolved by SDS-PAGE and silver stained. Bracketed regions were excised from lanes 2 and 4 and subjected to trypsin digestion and mass spectrometry. (F) Bcl-2 and Bax expression in mitochondria from WT or KO HBs \[[@pone.0182705.ref016]\]. The same blot was probed with an antibody for the mitochondrial protein pyruvate dehydrogenase E1α subunit (PDH) as a control for protein loading. The mean up-regulation of Bcl-2 relative to that in livers was 3.8-fold in WT HBs and 2.3-fold in KO HBs. The mean up-regulation of Bax was 11.7-fold in WT HBs and 10.5-fold in KO HBs. (G) Bcl-2 and Bax expression in isolated mitochondria from livers (L), tumors (T) and recurrent HCC tumors \[[@pone.0182705.ref012]\]. The mean up-regulation of Bcl-2 was 5.5-fold in initial tumors and 6.3-fold in recurrent tumors. Similarly, the mean up-regulation of Bax was 15-fold in initial tumors and 15.6-fold in recurrent tumors.](pone.0182705.g005){#pone.0182705.g005}

In order to demonstrate that the down-regulation of p19^*ARF*^ was necessary for HB tumor induction, we repeated HDTV injections with SB vectors encoding mutant β-catenin and YAP but included an additional SB vector encoding p19^*ARF*^ or, in control animals, the empty SB vector only. As expected, all 10 mice in the control group succumbed to large HBs within 12--15 wks, whereas none of the 10 mice co-inoculated with p19^*ARF*^ developed tumors after as long as 30 wks and had normal sized livers when the study was terminated. Thus, restoring normal levels of p19^*ARF*^ expression strongly inhibits tumorigenesis indicating that disruption of the p19^*ARF*^/Mdm2/p53 pathway is an essential "second hit".

Attempts to co-immuno-precipitate (co-IP) Mdm2-p53 complexes from HB lysates using several anti-Mdm2 and anti-p53 antibodies were unsuccessful, thereby suggesting that the proteins were not interacting despite their common cytoplasmic residency ([Fig 5C](#pone.0182705.g005){ref-type="fig"}). This further suggested that, by analogy to the ribosomopathies, free RPs might be binding Mdm2 and impairing its interaction with p53 \[[@pone.0182705.ref001], [@pone.0182705.ref002], [@pone.0182705.ref010], [@pone.0182705.ref027], [@pone.0182705.ref032]\]. IPs of liver and HB cytoplasmic compartments with an anti-Mdm2 antibody followed by SDS-PAGE and silver staining showed distinct bands otherwise absent from control IPs performed with non-immune IgG as well as differences between anti-Mdm2 IPs from liver and HBs ([Fig 5E](#pone.0182705.g005){ref-type="fig"}). Two regions of these gels, corresponding to M~r~s \~24--35 kDa and \~14--24 kDa ([Fig 5E](#pone.0182705.g005){ref-type="fig"}, red and blue brackets, respectively) were excised and subjected to tryptic digest and mass spectrometry. In the first case, we identified 12 RPs from the HB lane and 7 RPs from the control liver lane. All of the latter RPs were also identified in the former sample (Table C and Figures K-L in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). RPs detected in the \~14--24 kDa samples included 17 in the HB IP and 11 in the liver IP. All but one of the RPs in the latter group was also detected in the former group (Table D and Figures M-N in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}). Overall, 5 of 30 RPs identified by this analysis (RPSA, RPL11, RPS10, RPS17 and RPS24) have been previously implicated in ribosomopathies \[[@pone.0182705.ref001]--[@pone.0182705.ref004], [@pone.0182705.ref007], [@pone.0182705.ref010], [@pone.0182705.ref026], [@pone.0182705.ref027], [@pone.0182705.ref030]\]. Thus, in primary HBs, Mdm2 binds a larger subset of RPs than it does in normal livers. This supports the idea that free RPs bind to Mdm2 and block p53 binding \[[@pone.0182705.ref001], [@pone.0182705.ref004], [@pone.0182705.ref026], [@pone.0182705.ref030]\]. Co-IPs from similarly fractionated HCC cytoplasmic extracts (Figure J in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}) identified eight Mdm2-interacting RPs in common with HB as well as an additional nine unique to HCCs (Figures O-P and Table E in [S1 File](#pone.0182705.s001){ref-type="supplementary-material"}).

Nuclear exclusion of wild-type p53 as shown in [Fig 5C and 5D](#pone.0182705.g005){ref-type="fig"} could explain how tumors escape growth inhibition and apoptosis, which require substantial transcriptional re-programming \[[@pone.0182705.ref035], [@pone.0182705.ref036]\]. However, p53 can also promote apoptosis via transcription-independent mitochondrial pathways \[[@pone.0182705.ref036], [@pone.0182705.ref037]\] that can be blocked by Bcl-2 \[[@pone.0182705.ref038]\]. Indeed, both HBs and initial and recurrent HCCs expressed higher levels of mitochondrial Bcl-2 suggesting that this anti-apoptotic protein mitigates any extra-nuclear p53 functions ([Fig 5F and 5G](#pone.0182705.g005){ref-type="fig"}). On the other hand, these same tumors also showed similarly elevated levels of the pro-apoptotic protein Bax. Taken together, these results suggest that, in the case of both HBs and HCCs, any apoptotic predisposition is mitigated at the nuclear level by p53's inability to transcriptionally activate cell death-related genes and at the mitochondrial level by the up-regulation of Bcl-2, which interferes with Bax-mediated loss of mitochondrial integrity.

Discussion {#sec017}
==========

The number and heterogeneity of RP abnormalities described here currently preclude a precise determination as to how any individual RP contributes to cancer pathogenesis. Indeed, whether this is even attributable solely to altered protein translation \[[@pone.0182705.ref026], [@pone.0182705.ref027]\] is uncertain in light of accumulating evidence that RPs engage in numerous extra-ribosomal functions such as transcription, cell cycle regulation, DNA damage repair and survival and that some deregulated RPs are themselves oncogenic or can suppress the actions of chemotherapeutic agents such as actinomycin D and 5-fluorouracil \[[@pone.0182705.ref004], [@pone.0182705.ref039]--[@pone.0182705.ref041]\]. The loss of the normal stoichiometric relationships between RPs and certain translation initiation factors such as eIF3 and eIF4e, which may be transforming when deregulated \[[@pone.0182705.ref042]\], might also conceivably abet transformation as might the assembly of abnormal ribosomes with different compositions and/or modifications \[[@pone.0182705.ref043]\]. The deregulation of oncoproteins such as Myc and Bcl-2 and tumor suppressors such as p53 might also contribute to RP abnormalities during tumor evolution with the relative importance of these factors being further dictated by both tissue and tumor heterogeneity \[[@pone.0182705.ref027], [@pone.0182705.ref044]\]. What is clear however, is that, regardless of the underlying cause(s) of RP transcript and RP de-regulation, the consequences involve many of the same mechanisms and pathways that have been previously described in the ribosomopathies, where they are thought to underlie disease pathogenesis and cancer susceptibility \[[@pone.0182705.ref001]--[@pone.0182705.ref004]\]. These include a massive and much more pronounced deregulation of RP transcripts and proteins than occurs in classical ribosomopathies and a ribosomopathy-like maturation defect in rRNA processing in both of the animal models we have studied. It also seems likely that RP deregulation and the direct binding of numerous free RPs to Mdm2 precludes the latter protein's interaction with and subsequent ubiquitin-mediated degradation of p53.

Despite these similarities, a major difference between the cancers discussed here and classical ribosomopathies is that the latter disorders are believed to be associated with p53-mediated bone marrow suppression \[[@pone.0182705.ref001]--[@pone.0182705.ref004]\]. The fact that p53 remains detectable and non-mutated in HBs and HCCs without exerting any apparent growth inhibitory effects is likely attributable to a combination of its cytoplasmic localization and the additional protective effect of Bcl-2 up-regulation, despite an equally high concurrent up-regulation of Bax ([Fig 5F](#pone.0182705.g005){ref-type="fig"}). The combination of high-level Myc (or N-Myc) and Bcl2 expression has been previously shown to prevent the nuclear translocation of otherwise wild-type p53 in both hematopoietic and non-hematopoietic cell types \[[@pone.0182705.ref045]--[@pone.0182705.ref047]\]. In addition, the otherwise pro-apoptotic effect of increased Bax expression in both HBs and HCCs ([Fig 5F](#pone.0182705.g005){ref-type="fig"}) may be mitigated by the fact that these tumors, as well as their corresponding normal livers, express undetectable or barely detectable levels of caspase 2 (not shown), which is necessary for the execution of Bax-mediated mitochondrial apoptosis \[[@pone.0182705.ref037], [@pone.0182705.ref048]\].

In the era prior to the discovery of oncogenes and tumor suppressors, Dameshek first remarked upon the seemingly paradoxical relationship between hypoplastic hematopoietic disorders and susceptibility to leukemia \[[@pone.0182705.ref049]\]. Appropriating a term from bacterial genetics, he proposed that surviving hematopoietic cells might acquire clonal "suppressor" mutations, which allow them to overcome their intrinsic proliferative block and become transformed. The results with two murine cancer models described here have identified some of these potential suppressors and provide mechanistic insights into how the tendency toward cell cycle arrest and apoptosis arising from ribosomal stress can be circumvented. Not surprisingly, this involves what are now regarded to be the same canonical oncogenic and tumor suppressor pathways believed to operate in more "classical" ribosomopathies \[[@pone.0182705.ref001], [@pone.0182705.ref027]\]. Such mechanisms might explain why some human tumors, including HB and HCC, often express high levels of wild-type p53 and occasionally co-express Bcl-2 and how p53 may at times actually facilitate tumor survival \[[@pone.0182705.ref036], [@pone.0182705.ref050]--[@pone.0182705.ref053]\]. Given the heterogeneity of RP and transcript deregulation in both classical ribosomopathies and sporadic human cancers ([Fig 3](#pone.0182705.g003){ref-type="fig"}), it seems likely that other compensatory mutations exist, including those involving p53 and p19^*ARF*^ inactivation and Mdm2 over-expression.

In summary, experimentally generated murine HBs and HCCs are associated with frequent and heretofore unrecognized RP transcript and protein deregulation. Similar findings regarding RP transcripts were made in four common human cancer types with the severity of transcript deregulation and/or the presence of mutations correlating inversely with survival in two of the three cohorts in which such analysis was possible. Although rare, some human cancer-associated RP point mutations were identical to those previously described in ribosomopathies, thus implying a causal contribution. It remains to be determined how many of the remaining mutations, not previously identified in ribosomopathies, have functional consequences given that they do not appear to represent polymorphisms \[[@pone.0182705.ref054]\].

As is also common in ribosomopathies, defective rRNA processing was observed in our murine tumor models. Compensatory mechanisms to evade growth inhibitory signals arising from the ensuing ribosomal stress center around p19^*ARF*^ silencing, the cytoplasmic sequestration of p53, and the induction of Bcl-2. Ribosomopathies, originally identified as rare, mostly inborn disorders of hematopoiesis and development \[[@pone.0182705.ref001], [@pone.0182705.ref002], [@pone.0182705.ref010], [@pone.0182705.ref027]\], now appear to include many human cancers with implications that remain to be determined.
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